Objective: Myocardial areas distal to complete coronary artery occlusion are poorly protected by antegrade cardioplegia. Hence, retrograde cardioplegia becomes an important adjunct in myocardial protection. An aim of the study was to compare both methods prospectively. Methods: 158 coronary artery bypass grafting (CABG) patients were randomly assigned to two groups according to myocardial protection technique: 89 patients to group 1 -retrograde cold blood cardioplegia (RCBC); and 69 patients to group 2-antegrade cold blood cardioplegia (ACBC). Preoperative parameters were similar but cross-clamp time and volume of cardioplegia needed were higher in the retrograde group. The results were assessed on the basis of: (1) clinical outcome; (2) ECG and enzymatic parameters of ischemia; (3) assessment of early systolic function by means of cardiac output (CO), stroke work index (SWI), left ventricular stroke work index (LVSWI) and right ventricular stroke work index (RVSWI) taken before, and 1 and 5 h after coming off bypass; (4) late systolic and diastolic function by echo assessment of segmental contractility of 17 segments and indexes of peak transmitral flow (TMI) taken 7 days and 6 months after operation. Results: Ischemic events, inotropes and ventricular fibrillation on reperfusion were significantly more frequent in the antegrade group. Sinus rhythm at an early stage postoperatively was found more frequently in the retrograde group. All these parameters became comparable 24 h after operation. Early myocardial recovery was better in the retrograde group where intraoperative improvement in CO and SWI was significant. At the same time, SWI decreased significantly in the antegrade group. RVSWI changes were similar in both groups. There were no differences in mortality and perioperative MI. Late myocardial performance by segmental contractility and diastolic transmitral flow were similar in both groups. Conclusions: Retrograde continuous blood cardioplegia reduces ischemic injury and permits better early recovery of myocardial function. There is no difference, however, regarding long-term assessment of myocardial recovery. © 1997 Elsevier Science B.V.
Introduction
Myocardial areas distal to complete coronary artery occlusion are poorly protected by antegrade cardioplegia. This can lead to myocardial injury and depressed postoperative left ventricular function. Experimental studies have shown that in the presence of coronaries occlusions, retrograde cardioplegia results in better distribution, myocardial cooling and more complete recovery of function in the areas beyond the occlusion [2, 10, 20] . However, many studies have shown no clear advantage in myocardial protection of retrograde versus antegrade cardioplegia [4, 6, 18] . At the same time, most of the published animal studies have demonstrated a superiority of blood over crystalloid cardio- plegia in preserving myocardial high-energy phosphates and myocardial function, although clinical studies were less conclusive [12] . Nevertheless, the retrograde route of blood cardioplegia as well as antegrade blood cardioplegia are becoming important adjuncts in myocardial protection [14, 15] . Comparison of both methods by prospective analytic study is the aim of this study.
Materials and methods

Patients
A total of 158 coronary artery bypass grafting (CABG) patients between 1994 and 1995 were randomly assigned to two groups according to myocardial protection technique: 89 patients into group 1 -retrograde cold blood cardioplegia (RCBC); and 69 patients into group 2-antegrade cold blood cardioplegia (ACBC). Operations were performed in the II Department of Cardiac Surgery of the Silesian Medical Academy in Katowice, Poland.
System of cardioplegia deli6ery
In the retrograde group, retrograde cold blood cardioplegia (RCBC) was established. An initial dose of 500 ml of high-potassium (20 mmol/l) blood cardioplegia was given antegradely at the rate of 300 ml/min. The temperature of the solution was between 4 and 10°C (a solution of 4:1 blood with St. Thomas cardioplegia). During the cross-clamp time, 200 ml of lowpotassium (5-10 ml) cardioplegia was given retrogradely every 10 min, while coronary sinus pressure was maintained below 50 mmHg. Termination consisted of 600 ml retrograde, warm low-kalemic blood cardioplegia at the rate of 200 ml/min.
In the antegrade group, antegrade cold blood cardioplegia (ACBC) was established. An initial dose of 500 cm 3 of hyperkalemic (20 mmol/l) cold blood cardioplegia (solution 4:1 dilution of blood with St. Thomas cardioplegia) was given antegradely to the aortic root at the rate of 300 ml/min. During the cross-clamp period, 200 ml of repeated low-potassium cardioplegia was given antegradely every 10 min. On termination, 600 ml of warm low-kalemic blood antegrade cardioplegia was given at the rate of 200 ml/min. In both groups, cardioplegia was delivered by means of the Buckberg -Shiley system (Shiley, Irvine, USA). A retrograde coronary sinus perfusion was administered through a flexible catheter with a manually inflated distal balloon. Coronary sinus pressure was continuously monitored (Gundry RCSP catheter; DLP) Cardiopulmonary bypass was established with an aortic cannula and a single, two-stage, right atrial cannula. During the bypass, the hematocrit was maintained between 20 and 25% (mean 24%) and a pump flow was maintained between 2.0 and 2.5 l/min per m 2 . Patients were cooled to 32°C. Rewarming was commenced during the last coronary anastomosis. Aortic anastomoses were constructed after the cross-clamp release.
Methods
Clinical outcome
Standard 12-lead ECGs were evaluated after 0, 4, 16 and 24 h postoperatively. Blood samples for creatine kinase (CK) and aspargate aminotransferase (AAT) were taken 4 and 24 h after coming off a bypass. There are the following ECG and enzymatic markers of transient ischemia or infarct: (1) ST events: any significant changes (more than 0.1 mV) in ST segment in at least two consecutive leads; (2) perioperative Q infarct: new Q-wave; (3) transient ischemia: ST elevation and CK \ 1000 or AAT\100 [3, 20] .
Low cardiac output was defined as the need for inotropic support in which dopamine requirement increased to over 5 vg/kg per min for at least 12 h or CI decreased below 2.2 l/min.
LV mass was calculated according to the formula: [(LVEDD +IVS+ LVPW) 3 −LVEDD 3 ]× 0.832, where LVEDD is the left ventricle end-diastolic dimension, IVS is the interventricular septum, and LVPW is the left ventricle posterior wall (cm).
Hemodynamic analysis
In 40 patients (26 in the retrograde and 14 in the antegrade group), assessment of early systolic function by means of cardiac output (CO), stroke work index (SWI), left ventricle stroke work index (LVSWI) and right ventricle stroke work index (RVSWI) was made before, and 1 and 5 h after coming off a bypass. Cardiac output was measured with the thermodilution technique. Systolic (SAP), diastolic (DAP), and mean arterial blood pressure (MAP), mean right atrial pressure (RAP), mean pulmonary artery pressure (PAP), pulmonary capillary wedge pressure (PCWP) and heart rate (HR) were monitored. Derived hemodynamic indexes were calculated as follows: CI= CO/body surface 2 ). These measurements could be obtained only when the hemodynamic instability was corrected and when PA pressure was between 16 and 18 mmHg and CV pressure was between 6 and 8 mmHg.
Echocardiography analysis
For the evaluation of the regional LV wall motion abnormalities, a wall motion score index of 17 segments (WMSI) was calculated from two-dimensional transthoracal echo (TTE) in five views and by using scores ranging from − 1=hyperkinesia, 1= normokinesia to 4=dyskinesia.
The peak transmitral flow (TMF) velocity during early diastole (E) and during atrial contraction (A), as well as the E/A ratio, were measured using a Doppler technique.
All calculations were made: before the surgery, a week after the surgery, and 6 months after the surgery. TTE measures were taken with a Hewlett-Packard 'Sonos 500'.
Both hemodynamic and echocardiographic evaluations were performed on the same groups of patients. 
Statistical analysis
Statistical analysis was made by means of Student's t-tests, paired and unpaired, Fisher's exact test for proportions and two-way analysis of variance for repeated measures with the Newman -Keuls post-hoc test, when appropriate. Homogeneity of variance was verified with Levene's test.
The data were processed using Microsoft Access 7.0 and Excel 7.0, and were exported to the software package STATISTICA for Windows 4.5 (StatSoft, Tulsa, OK) for statistical analysis. Data in tables are shown as mean9 standard deviation (S.D.), while numbers in parentheses are percentages.
The study was approved by the Ethics Commission of the Silesian Medical Academy in Katowice and performed according to their rules.
Results
Preoperative and intraoperative data are shown in Table 1 . The age, gender, anatomical pattern of coronary disease, LV mass and ejection fraction were similar in the two groups. Complete LAD occlusion (95% in cross-sectional area of proximal LAD or complete 100% occlusion of any segment) of grafts was 84.3% in the retrograde group and 75.4% in the antegrade group. There were no patients of severe impairment of left ventricle function and ejection fraction less than 35%. The cross-clamp time and total cardioplegia amount were higher in the retrograde group. The results are divided into the groups:
1. Ischemic events at 0, 4 and 16 h after cessation of bypass were more frequent in the antegrade group, respectively: 42.6, 34.2 and 22.5% in the antegrade group, versus 12.4, 10 and 5.8% in the retrograde group. After 24 h the results became comparable (see Table 2 ).
2. Low cardiac output was found more frequently in the antegrade group (33%, compared to 19% for the retrograde group, P= 0.04). After 24 h the results became comparable (see Table 2 ).
3. Ventricular fibrillation after cross-clamp release was more frequent in the antegrade group (46%, compared to 15.7% for the retrograde group, PB 0.0001) (see Table 2 ).
4. Sinus rhythm immediately after coming off bypass was found to be more frequent in the retrograde group (93%, compared to 80% for the antegrade group, P= CO (cardiac output), LVSWI (left ventricular stroke work index), RVSWI (right ventricular stroke work index) and SWI (stroke work index) were measured before, and 1 and 5 h after operation. WMSI (wall motion score index) of 17 segments calculated from two-dimensional transthoracal echo (TTE) in five views and using scores of −1= hyperkinesia, 1 = normokinesia, 2 = hypokinesia, 3 =akinesia, 4 = dyskinesia. WMSI LCA, wall motion score index of eight segments of left coronary artery; E/A index, the peak transmitral flow (TMF) velocity, assessed by ratio E/A during early diastole (E) and during atrial contraction (A), measured using a Doppler technique.
0.02) (see Table 2 ). Nodal rhythm and bundle branch block were found more frequently in the antegrade group (nodal rhythm 13.2%, compared to 4.9% for the retrograde group, P=0.03; bundle branch block 5.17% (antegrade group) vs. 0% (retrograde group), P =0.03). 5. CO improved significantly in the retrograde group (P = 0.01). SWI decreased significantly in the antegrade group, but it was maintained unchanged in the retrograde group (P=0.05). At the same time, LVSWI decreased in the first hour after coming off bypass, which was more pronounced in the antegrade group, although it recovered later. RWSWI changes were similar in both groups (see Fig. 1, Table 3 ).
6. There were no differences in mortality and perioperative Q infarcts (see Table 2 ).
7. A week after the operation, wall motion score values decreased significantly. At the same time in both groups, the values of index of transmitral flow were significantly higher than before the surgery. After 6 months, WMSI was similar in both groups regarding the total index as well as the separate index for LCA. Late myocardial performance by segmental contractility and diastolic TMI was similar in both groups (see Fig. 2, Table 3 ).
Discussion
Optimal intraoperative protection of myocardium requires uniform delivery of cardioplegia through the heart. The infusion of cardioplegic solution through the aortic root produces very quick diastolic arrest and good preservation of myocardial function. However, when advanced coronary disease is considered, it can result in an uneven distribution and consequently delayed functional recovery [18] . It can be overcome by coronary sinus cardioplegia, when the unobstructed coronary venous system can be used as a route for homogenous distribution [11, 16] . The advantages of retrograde blood cardioplegia perfusion used in our study are as follows: (1) even protection and cooling of entire heart [9, 20] ; (2) establishment of aerobic arrest [19] ; (3) protection in areas distal to IMA, ungraftable vessels and distal to acute occlusion [15, 18] ; (4) elevation of the heart and dissection of coronaries while giving cardioplegia [15] .
A number of drawbacks is associated with a retrograde perfusion, such as myocardial edema, coronary sinus rupture. They are circumvented by the technique of transatrial insertion of a balloon-tipped catheter [11] which maintains pressure in coronary sinus below 50 mmHg. Blind cannulation of CS is simple and avoids the use of bicaval cannulation and right atriotomy, but may result in an increase in AV conduction disturbances due to injury of the AV node [8] . In our study, however, we have not found an increase in AV blocks postoperatively (Table 2) . Delay in cardiac arrest is described as a major disadvantage of retrograde cardioplegia. The heart is fibrillating during this prolonged initial infusion interval, and this may cause a reduction in high-energy metabolites and late ventricular dysfunction. In our study, this problem was solved by initial aortic root cardioplegia to achieve early diastolic arrest and followed by coronary sinus infusion [9, 20] .
The first group of results regards systolic and diastolic function. We found a post-bypass fall in LVSWI and SWI in the antegrade group, and a gradual recovery, which is consistent with the concept of stunned Wall motion score index (WMSI) was analyzed before, 7 days and 6 months after operation. Analyses were performed for overall 17 myocardial segments (normokinesia =17) and separately for left coronary artery (LCA-normokinesia = 8). There are horizontal lines identifying normokinetic score. E/A index: the peak transmitral flow (TMF) velocity during early diastole (E) and during atrial contraction (A), as well as the E/A ratio, were measured using a Doppler technique.
myocardium [5] . The number of patients who required inotropic support early after cessation of a bypass (first 24 h) was also higher in the antegrade group. It confirms findings by Arom at al. and Fiore at al. [1, 9] . It was found that the recovery of LVSWI was more rapid and complete in the group of patients to whom retrograde cardioplegia was administered, which minimized or even avoided postoperative stunning, confirming findings by Bhayana at al. [4] . At the same time, cardiac output improved significantly. Moreover, low cardiac output state during the first 24 h after bypass was less frequent in the retrograde group. Both findings may be related to better cardioplegia distribution when cardioplegia was given retrogradely. This mechanism is especially apparent in patients with complete or very severe proximal LAD occlusion and extensive coronary disease [18] . In our study, complete LAD occlusion values were 84.3 and 75.4% in the retrograde and antegrade groups, respectively, and the mean number of grafts was, respectively, 3.5 and 3.6. However, both techniques provided adequate and comparable myocardial protection in the long-term functional recovery, when assessed by the measurement of wall motion score index (WMSI) and transmitral flow (TMF). Segmental contractility is very useful at assessing any limited myocardial damage that may go undetected with global measurements of ventricular function. Transmitral flow reflects diastolic performance of the heart [7, 17] . By 1 week and 6 months after the operation, wall motion score values decreased significantly, but no differences between groups were found. At the same time in both groups, the values of index of transmitral flow were significantly higher than before the surgery, and they were comparable between the groups. These findings reflect a similar improvement in systolic and diastolic performance. However, they may be related not only to myocardial protection but to completeness of revascularization as well.
At an early stage postoperatively, ST segment changes and fibrillation after cross-clamp removal were more frequent when cardioplegia was given antegradely. These can be explained by reperfusion injury due to inadequate distribution of cardioplegia, especially to the subendocardium. These findings corre-spond with others [3, 4, 13, 21] . In the retrograde group, sinus rhythm was found more frequently. Those patients without sinus rhythm presented with nodal or bundle branch block, which again were less frequent in the retrograde group. One of the explanations of the development of the conduction defects is ischemic injury to the conduction system, and it is widely accepted as a complication of myocardial infarct [1, 13, 21] . However, there were no patients with persistent arrhythmia who needed a permanent pacemaker. Homogenous distribution of retrograde cardioplegia may provide better protection to the conduction system. Right ventricular protection was very often presented as a potential limitation of coronary sinus cardioplegia [2, 10, 18, 20] . In this study, it was found that right ventricle protection is adequate and comparable in both groups. It is in contrast with the results of Partington et al. [20] in which RVSWI in dogs decreased significantly. Anatomic studies showed that venous drainage in the human heart is greater than in dogs, which can explain our findings. It is supported by observations by Gundry et al. and Menasche et al. [11, 15] .
Conclusions
Retrograde blood cardioplegia reduces ischemic injury and permits better early recovery of myocardial function than antegrade blood cardioplegia, particularly in patients with severe proximal LAD occlusion and extensive coronary arteries disease. There is no difference regarding long-term observation of myocardial function between antegrade and retrograde blood cardioplegia.
